GaN and AlN thin films were implanted with cadmium (Cd) or silver (Ag), to fluences ranging from 1×10 13 to 1.7 × 10 15 at/cm 2 . The implanted samples were annealed at 950 ºC under flowing nitrogen. While implantation damage could be fully removed for the lowest fluences, for higher fluences the crystal quality was only partially recovered. For the high fluence samples the lattice site location of the ions was studied by Rutherford Backscattering/channelling (RBS/C). Cd ions are found to be incorporated in substitutional cation sites (Al or Ga) while Ag is slightly displaced from this position. To further investigate the incorporation sites, Perturbed Angular Correlation (PAC) measurements were performed and the electric field gradients at the site of the probe nuclei were determined.
1 Introduction Despite the successful commercialization of InGaN based light emitting diodes and laser diodes many basic questions on the mechanisms of light emission remain unanswered. A subject of intensive scientific discussion is the fact that the intense luminescence of these devices is relatively insensitive to the large density of defects, mainly threading dislocations [1] . A widely accepted explanation for this behaviour is the localization of excitons at regions with potential minima. The microscopic origin of this localization remains highly disputed but seems to be especially effective in In-containing III-nitride alloys (InGaN and InAlN) [2] .
Perturbed Angular Correlation (PAC) is a valuable technique to probe the immediate lattice neighbourhood of a radioactive probe at the atomic scale. PAC measures the hyperfine interaction of the electric field gradient (EFG) at the site of a radioactive probe with the quadrupole moment Q of the intermediate state of a γ−γ cascade in the daughter nucleus. This interaction causes a perturbation of the anisotropic emission pattern of the second γ ray with respect to the emission direction of the first. From the time dependence of this perturbation, the parameters of the quadrupole interaction can be derived. It is usually characterized by the quadrupole interaction frequency ν Q and by the asymmetry parameter η. ν Q is proportional to the product of the principal component of the EFG, V zz , and the quadrupole moment Q of the intermediate state of the cascade. The EFG is characteristic for the charge distribution in the microscopic lattice surrounding of the probe nucleus. In the case of the III-nitrides, a substitutional probe experiences an axially symmetric EFG (η=0) pointing along the c-axis, caused by the wurtzite lattice structure itself and defects may cause additional EFGs.
The 111 In probe is perfectly suited to shed light on the role of In in III-nitride samples [3] . Recent PAC studies suggest that Indium in GaN and AlN tends to trap a nitrogen vacancy, which may strongly influence the properties of InGaN and AlInN alloys and may play a role in the above mentioned mechanisms of exciton localisation [4] . PAC measurements using the probes 117 Cd, 111m Cd and 181 Hf show that this probe-vacancy complex does not form at other heavy impurities and is a peculiarity of In in IIInitrides [5] . In these studies the radioactive probes were introduced by ion implantation. For the interpretation of these measurements the location of the probes in the lattice as well as the ability to remove implantation damage during annealing are of major importance. This work presents Rutherford Backscattering Spectrometry/Channelling (RBS/C) and X-ray Diffraction (XRD) studies on Cd and Ag implanted and annealed samples to get a deeper insight into these processes.
1
2 Experimental details AlN and GaN thin films, 3 µm thick, grown on sapphire by hydride vapour phase epitaxy were ion implanted, to fluences from 1 × 10 13 at/cm 2 to 1.7 × 10 15 at/cm 2 , with stable Cadmium (Cd), or Silver (Ag) at 150 keV. The ion implantations were performed at room temperature (RT) with the sample's surface normal tilted about 10 º away from the incident beam to prevent channelling effects during the implantation. The samples were annealed in a tube furnace at 950 ºC for 10 (Cd) or 20 (Ag) minutes under flowing nitrogen. An as-grown sample was placed front-to-front as a proximity cap to prevent N loss during the thermal treatment.
RBS/C studies were performed with a 1 mm diameter collimated beam of 2 MeV He + ions from a Van de Graaff accelerator. The backscattered particles were detected by a silicon surface barrier detector at a backscattering angle of 140 º. RBS/C aligned spectra were acquired by orienting the crystal c-axis parallel to the beam direction and for random spectra the sample was tilted away from the aligned position by 5 º and rotated during the measurement. Full angular scans in the <0001> and <-2113> directions were performed to determine the lattice site location of the implanted ions using a two axes goniometer.
High resolution XRD experiments were carried out using monochromated CuK α1 radiation in a Bruker D8 Discover system equipped with a Göbel mirror, a Ge(220) double reflection asymmetric monochromator and a scintillation detector. 2θ−ω scans served to study the changes of the c lattice parameter induced by the large strains caused by the implantation defects.
For PAC measurements, the GaN and AlN samples were implanted at ISOLDE-CERN at RT 117 In. The actual PAC measurement is done in the daughter nucleus while the incorporation behaviour is mainly influenced by the implanted species. Cd and 117 Cd used in this study. Figure 2 shows XRD 0002 2θ−ω scans of GaN and AlN samples implanted with Ag to two different fluences before (as-implanted, ai) and after annealing. The curves for a virgin sample and that for the sample implanted with 1 × 10 13 Cd/cm 2 and annealed are also shown.
Results and discussion
The implantation introduces point defects into the lattice. In c-plane GaN and AlN epitaxial films these defects are known to create large hydrostatic strains leading to an expansion of the c-lattice parameter [6, 7] .
This expansion is clearly seen in Fig. 2 causing a pronounced shoulder at the left side of the main diffraction peak; the former arises from the implanted layer close to the surface and the latter from the undamaged film underneath the implanted region. As expected, more damage (a larger shift of the secondary peak to lower angles) is observed in the higher fluence samples. This expansion is partly or fully reversed after annealing. In particular for the high fluence samples residual damage is still retained. Both AlN and GaN show full recovery for the lowest fluence (1 × 10 13 Cd/cm 2 ) as shown by the XRD scans that completely overlap with those of the as-grown samples (Fig. 2) .
In RBS/C measurements the implantation damage is seen in the aligned spectra when compared with that of the virgin sample since the backscattering yield is increased by the defects in the implanted layer. The minimum yield (χ min ) is a measure of the crystal quality and is given by the yield in the aligned spectrum divided by the yield in the random spectrum. χ min was determined for all samples in a depth window comprising the entire implanted region and the values are summarised in Table 1 . For the high fluence samples also χ min for the implanted ion is given. The asgrown GaN and AlN samples present a χ min of about 2 %, evidence of high structural quality.
RBS/C spectra for Ag implantation are presented in Fig. 3 , and similar results are found for Cd implantation. In the case of GaN, χ min increases to 5.4 % for the lower fluence, and to 33 % for the higher fluence.
After annealing the backscattering yield decreases, indicating that recovery of the crystal quality has occurred.
For the lower fluence the channelling quality of the asgrown sample is almost restored in good agreement with the XRD measurements showing close to complete recovery of the crystal. In the case of AlN, the aligned spectra after low fluence implantation (not shown for clarity) coincide with that of the as-grown sample. At the same time XRD clearly reveals an expansion of the clattice parameter (Fig. 2) . This shows the high sensitivity of XRD to very low levels of radiation damage in IIInitrides. For the higher fluence the RBS/C spectra reveal an increase in minimum yield and an increased dechannelling rate. The minimum yield for AlN stays well below the values for GaN showing the superior radiation resistance of AlN. However, annealing does not significantly alter the RBS spectra indicating that implantation damage once formed is very stable. The extreme difficulty in removing implantation defects in AlN has been reported previously even for annealing temperatures as high as 1450 ºC [8] .
The decreased backscattering from Ag and Cd in the aligned spectra (see minimum yields in Table Table  1 ; D stands for dopant and M for the matrix elements (Ga or Al). The experimental data summarized in Table 1 reveal that Cd implanted samples have high F S , (90 % for AlN and 99 % for GaN) directly after the implantation. After annealing in GaN, F S decreases slightly to 96 % probably due to the interaction of Cd with implantation defects. For Ag implantation, in the as-implanted samples F S is about 75 % and 53 %, for GaN and AlN, respectively. After annealing, F S in GaN decreases significantly to around 51 %. A very interesting case is that of Ag implanted AlN where, unlike in the other samples, annealing promotes the incorporation of Ag into substitutional sites in the crystal as there is an increase in F S to around 69 %.
Full angular RBS/C scans were performed and are shown in Fig. 4 for the <0001> direction for the as- Cd and 117 Cd, dots for data and line for the fit.
Along the <0001> direction the atomic rows are mixed rows containing the cation element and N; therefore it is not possible to distinguish between the Ga/Al-site and the N-site. Angular scans across the <-2113> direction (not shown) confirm that Cd is incorporated on substitutional cation sites.
Ag occupies a position slightly displaced from the substitutional site in the crystal as the width of the Ag scans are narrower than for the matrix elements Al or Ga (Fig. 4) . Since the fluence for the Ag samples was higher than for the Cd implanted samples this displacement is possibly due to the interaction of Ag with lattice defects. A strong correlation of the displacement of implanted ions with implantation damage was also shown to exist for rare earth implanted AlN. Er was found on substitutional sites when implantation damage was reduced by performing the implantation along the c-axis while a significant displacement was found for random implantation as performed in this study [9] . Therefore we can assume that Ag is incorporated on substitutional sites if the implantation damage is reduced. The fact that the Ag substitutional fraction increases after annealing in the case of AlN indicates that the solubility of Ag in AlN is high. Fig. 5 shows RT PAC spectra and their fits using the probes 111 In, 111m Cd and 117 Cd in GaN and AlN after annealing at 950 ºC (1000ºC in the case of 111 In [3, 4] ). The RBS/C and XRD measurements suggest that the probe ions are incorporated on substitutional cation sites and that the crystal is completely recovered after annealing. Note that the typical implantation fluences for PAC measurements are one order of magnitude lower than for the low fluence samples characterized by RBS/C and XRD. Each spectrum shows a typical quadrupole interaction frequency (ν Q ) caused by the EFG of the wurtzite lattice at the site of the probe nucleus. The values for ν Q and V zz (the main component of the EFG) are given in Fig. 5 . The uncertainuncertainties in the obtained ν Q values of around 1% are mainly determined by the error in the time calibration of the spectrometers. V zz depends on the quadrupole moment Q which is not known with high accuracy (we used a value of Q = 0.83(13) barn) [10] . We further point out that the EFG can vary for layers with different strain states or doping levels. As expected, the values of the main lattice EFG measured with 111m Cd match those measured using the probe 111 In since both probes occupy the same substitutional site and use the same intermediate state for the PAC measurement. The slight discrepancy of ν Q in GaN measured using 111 In or 111m
Cd is attributed to different strain states of the different GaN materials used.
In the spectra measured with 111 In a second frequency, faster than that corresponding to the lattice EFG, is visible; this is clearly seen for the case of AlN while for GaN it causes a shoulder at around 50 ns. This additional frequency was attributed to the formation of an In-defect complex, most probably a nitrogen vacancy trapped at the site of the In probe [11] . No second frequency is observed in the spectra measured with 111 Cd and 117 Cd, confirming that no defects are trapped at the site of these probe atoms.
Conclusions
In this work GaN and AlN thin films were implanted with Cd or Ag to fluences ranging from 10 13 to 1.7 × 10 15 at/cm 2 . Annealing of the samples is carried out in order to recover lattice damage induced during implantation. The samples are then compared to the as-implanted and as-grown samples using XRD and RBS/C measurements. It is found that a large percentage of dopants occupy substitutional or near-substitutional positions in the lattice and that annealing promotes structural recovery of the samples. In particular for low fluences, typically used for PAC measurements, a complete recovery of the lattice is found and results point to a complete incorporation of Ag and Cd on substitutional Ga/Al-sites in GaN/AlN.
PAC studies were performed in samples implanted with the radioactive probes 111m Cd and 117 Cd to fluences from 10 11 to 10 12 at/cm 2 at 30 keV and compared to similar measurements using the 111 In probe. The EFGs were determined and it was shown that in the case of 111m Cd and 117 Cd the majority of probe atoms occupy undisturbed substitutional sites and do not trap point defects as it is the case of 111 In in GaN and AlN. Although vacancies and other defects are created during ion implantation, the fact that the observed In-defect complex is very stable at high temperatures suggests that such complex may also be formed during the growth of InGaN and AlInN compound semiconductors.
In fact, recent calculations in the framework of density functional theory (DFT) suggest a high concentration of nitrogen vacancies in GaN [12] . It is presently unclear what would be the impact of In-V N complexes on the optical and electrical properties of the material. Further DFT calculations would be desirable to establish the formation energies of such In-V N complexes (as well as Cd-V N for comparison) and to determine if they would introduce additional energy levels into the band gap which may be involved in the light emission processes in InGaN and AlInN.
